The review presents the main methods for the preparation of modified polyorganosiloxanes (POS) containing amino groups. Modified POS are the most important functional compounds for the synthesis of polyimide and polysiloxane copolymers used as a material for polymeric electrolytic membranes (PEM) of fuel cells (FC). The reactions of cationic and anionic polymerization, hydrosilylation, condensation of chlorosilanes are considered. The main advantages and disadvantages of these methods are discussed.
INTRODUCTION
The fuel cell is one of the most promising alternative energy sources. [1] [2] [3] Its necessary detail is a polymeric electrolytic membrane, which carries out selective and one-way proton transport. The role of PEM is to effectively separate electrodes in FC in order to prevent both a direct chemical reaction of the molecular reagents and direct electrical contact of the electrodes while providing unimpeded proton transport from the anode to the cathode. [4] [5] [6] [7] From the peculiarities of PEM work in FC it follows that PEM materials shall be resistant primarily to the main FC components-water and methanol, as well as to the possible by products-hydrogen peroxide. In addition, it is necessary that the chemical resistance of such materials is maintained throughout the whole FC operating life. The necessity of fulfilling all of the above requirements by one PEM means that for highly efficient FC operation it is necessary to develop PEM of a block structure (block copolymers) in which each repeating polymer block fulfills a certain function, which together leads to satisfaction of all declared characteristics. [8] [9] [10] [11] One of the most promising candidates to be used as PEM for FC is copolymers of sulfonated polyimides, which can form a closely packed microstructure with controlled permeability, [12] [13] [14] [15] [16] and polyorganosiloxanes that improve the physical and mechanical properties of the polyimide matrix. 17 As a rule, these copolymers are obtained by stepwise polymerization of diamines with dianhydrides of aromatic tetracarboxylic acids. 18, 19 Polyorganosiloxanes with amino endgroups are the most important functional compounds for the synthesis of polyimide and polysiloxane copolymers. 20 However, it should be specially noted that the direct introduction of the silazane group into the POS structure is not very promising due to the propensity to hydrolysis and formation of cyclic adducts. This behavior is explained by the low binding energy of Si-N in linear organic polymers. Linker groups between the amino group and the siloxane fragment are introduced to circumvent such difficulties. These groups usually include alkyl and aryl fragments.
Introduction of the amino group into the POS structure is often complicated by its properties such as -reaction capacity with respect to the starting reagents, POS structure, catalysts; -basicity (this factor may cause the Si-O bond cleavage); -ability to act as a ligand in the reactions of metal complex catalysis, suppressing the catalyst action.
There are four main strategies for the aminosiloxane synthesis -hydrosilylation reaction; bonding the Si-H bond of POS to a double bond of a compound containing an amino group; -combination of a bifunctional organosilicon compound with another organoelemental compound containing a protected amino group; -POS functionalization with nitrogencontaining groups with their subsequent reduction to amino groups; -opening of cyclosiloxanes by diaminooligosiloxanes followed by stepwise polymerization. Methods for implementing these strategies are presented in this review.
Ways to prepare polyorganosiloxanes
Both in industry and in the laboratory, linear POS is obtained in two ways: by stepwise polymerization of bifunctional organosilicon derivatives of R 2 SiX 2 and by polymerization methods (anionic or cationic polymerization, ring-opening polymerization). Choice of the method for preparing POS is determined by several factors. 21, 22 First factor is the dependence of the molecular-mass parameters of the polymer on the mechanism of the reaction carried out. For example, as a result of the stepwise polymerization reaction under equilibrium conditions, the molecular-mass distribution (MMD) of the polymer prepared is much wider than in the case of polymerization reactions, and the polydispersity index (PDI) for such a polymer is greater than 2. If it is necessary to obtain a desired polymer with a narrow MMD, it is necessary either to obtain the polymer by the polymerization reaction or to fractionate the polymer prepared by the stepwise polymerization reaction, which often involves certain difficulties.
The second factor is related to the reaction conditions. It often happens that polymers prepared by the same type of polymerization with the same structure vary enormously in molecular-mass characteristics. Reason for such phenomena may be a large number of factors affecting the course of polymerization: temperature, concentration, mixing speed, nature and purity of solvents and starting monomers, reaction time, presence of foreign impurities. In addition to these factors, the nature of polymerization initiator and the choice of starting monomers play a huge role.
Preparation of polyorganosiloxanes by the cationic polymerization method
Cationic polymerization of dialkoxysiloxane or cyclosiloxane monomers is most often used to prepare siloxane oligomers and low molecular weight polymers. Protonic acids (H 2 SO 4 , HClO 4, CF 3 SO 3 H) or Lewis acids are used as the initiator (Figure 1 ). 
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Fig. 2. Methods for the modification of oligomers prepared by the acidolysis condensation of cyclosiloxane
On the other hand, polymerization can be carried out to form final products containing a trifluorosulfonic group at both ends of the chain and then modify the oligomers by nucleophilic substitution (Figure 2b ).
Cationic polymerization is a convenient method for preparing oligomeric POS with functional end groups that can be both blocked and functionalized. Since the end groups have different reactivity, cationic polymerization opens up great possibilities for further siloxane chain modifications. In addition, using chloromethylene, vinylic or other functionalized siloxanes as monomers, further modification of the side chain of prepared POS is possible.
Preparation of polyorganosiloxanes by the anionic polymerization method
Anionic polymerization is used to prepare high molecular weight POS with narrow MMD. Often, it is used to obtain POS of block, alternating structure, using functionalized cyclosiloxanes. [28] [29] [30] [31] [32] However, anionic polymerization is complicated by its conditions. This method is extremely sensitive to the inertness of medium, the purity of reagents and solvents, and the presence of impurities. Therefore, this method is expensive in comparison with other types of polymerization, however, the polymers prepared by anionic polymerization outperform the analogues in terms of molecular-mass characteristics. 33 Various nucleophilic initiators are used in the case of anionic ring-opening polymerization: organo-metal compounds, alkoxides, silicates, etc. The anionic ring-opening polymerization method makes it possible to prepare a variety of alternating POS by varying the functional groups in the structure of the starting cyclosiloxanes. As an example, one can take POS of a regular structure prepared by anionic polymerization under identical conditions, but based on different cyclotrisiloxane derivatives (Figure 3) .
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Fig. 3. Preparation of POS of a various structures by an anionic ring-opening polymerization
From the data of the molecular-mass distribution (Table 1) , it is evident that M n for P2 polymer is almost 3 times larger than P1, which is possibly associated with steric hindrance arising from the opening of C1 cycle as compared to C2. 34, 35 However, close values of polydispersity indices (PDI) indicate the similarity of polymerization processes in both situations. This fact suggests that the MMD of polymers is determined only by the position of substituents, and not by the conditions of polymerization. The difference in MMD of P1 and P2 polymers and the position of substituents in turn affects the physical parameters, in this case, the glass transition temperature. In the case of P2 polymer, T g decreased by 11°C.
It is interesting to note that using anionic ring-opening polymerization, it is possible to prepare POS with a various polymer chain structure. Alternation of siloxane blocks of different functionality depends on the structure of the starting modified cyclosiloxane (Figure 4) . Asymmetrical bifunctional cyclosiloxanes are prepared by co-condensation of the corresponding bifunctional or monofunctional dichlorosilanes with diols or disilanols ( Figure 6 ). Double ring-opening copolymerization is also used in addition to anionic single cyclosiloxane opening polymerization. This results in block copolymers with units from different cycles (Figure 7 
Fig. 6. Preparation of asymmetrical bifunctional cyclosiloxanes
Fig. 7. Anionic copolymerization of two cyclosiloxanes
Polyorganosiloxanes modification by various chemical methods Polymerization methods considered are effective and well-developed methods for preparation functional POS. With their help it is possible to synthesize directly modified POS, differing by substituents, molecular mass and alternation of units. However, it is often necessary to encounter difficulties in preparing suitable monomers. Low stability, the complexity of purification and isolation in an individual state of starting compounds for polymerization are the factors that greatly complicate the POS synthesis. 38 Thus, for example, the disalanolic monomers necessary for the POS synthesis by the stepwise polymerization method are stable only if certain substituents stabilizing the Si-OH bond are present in their structure, so it is certainly impossible to prepare POS with any substituents by this method. Another characteristic example is chlorosilanes, usually prepared from tetrachlorosilane by substituting a certain number of chlorine atoms for functional groups. As a result of such reactions, usually a mixture of products of different degree of substitution is prepared, and frequent proximity of their boiling points leads to the need for a long process of purification by rectification, which greatly complicates the process of preparing POS based on them and makes it more expensive. Therefore, polymer functionalization approaches are used in cases where it is necessary to prepare functional POS that can not be easily prepared directly by polymerization methods. In more detail, synthetic approaches for the introduction of functional groups into the chain of available POS are exemplified by the introduction of an amino group. 39 Since POS is of interest with functional amino groups capable of further stepwise polymerization reactions to prepare a polyimide structure, we formulate the requirements for such compounds:
Chemical stability of functionalized POS. Amino groups that are part of the POS structure shall, for an unlimited period, be in the starting state under appropriate inert conditions, without reacting with solvents and the POS structure. On the other hand, such amino groups shall have sufficient reactivity for further use.
b) Considered POS with functional amino groups are necessary for the further preparation of polyimides, therefore the range of modifiers under consideration is narrowed to alkylamines, arylamines and modified cyclic imides, which can be used directly in the polyimide synthesis. c)
Chemical reactions necessary for the POS modification shall not affect the POS chain and other functional groups included in its composition.
Polyorganosiloxanes modification by hydrosilylation method
Hydrosilylation allows the hydride-containing organosilicon compound to be grafted with a wide variety of functional groups linked by a double or triple bond. 40, 41 Hydrosilylation can be carried out stepwise, which allows us to gradually increase the POS structure (Figure 8 ).
With the help of hydrosilylation, it is possible to first functionalize cyclosiloxane and then open it with one of the polymerization types ( Figure 9 Directly for the synthesis of polyimides, hydrosilylation can be used in the preparation of a cyclic imide fragment ( Figure 10 ). 42 In addition, hydrosilylation can be used directly for the attachment of siloxane chains to the imide cycle (Fig. 11) . 43 In the case where diimide is used (for example, pyromellitic), this approach can be used as an alternative to the method of preparing polyimidesiloxanes through a hydrosilylation reaction.
[ Polyorganosiloxanes modification by chlorosilane condensation This simple but very effective method for preparing low molecular weight bifunctional siloxanes is based on the condensation reaction of dichlorosilanes with derivatives of alcohols or phenols. Usually this method is applicable for arylsiloxanes in view of greater stability with respect to alkylsiloxanes (Figure 12 ).
Various diamine derivatives prepared by this method were used to prepare polyimides of various structures. [44] [45] [46] [47] [48] Method of synthesis of the corresponding polyimides with various dianhydride fragments is shown in Figure 13 . 49 Condensation method is also applicable for the modification of the side substituents by amino groups. POSs modified with chloromethyl groups in the side chain are usually used as starting compounds (Figure 14) .
There is an alternative method for the preparation of functionalized POS by ring-opening polymerization, originally functionalized by a chloromethyl group. The subsequent stages are similar to the previous approach ( Figure 14 
